MicroRNAs (miRNAs) are a class of extensively studied RNAi-associated small RNAs that play a critical role in eukaryotic gene regulation. However, knowledge on the miRNA and its regulation in unicellular eukaryotes is very limited. In order to obtain a better understanding on the origin of miRNA regulation system, we used deep-sequencing technology to investigate the miRNA expression pattern in four deep-branching unicellular flagellates: Giardia lamblia, Trichomonas vaginalis, Tritrichomonas foetus, and Pentatrichomonas hominis. In addition to the known miRNAs that have been described in G. lamblia and T. vaginalis, we identified 14 ancient animal miRNA families and 13 plant-specific families. Bioinformatics analysis also identified four novel miRNA candidates with reliable precursor structures derived from mature tRNAs. Our results indicated that miRNAs are likely to be a general feature for gene regulation throughout unicellular and multicellular eukaryotes and some of them may derive from unconventional ncRNAs such as snoRNA and tRNA.
Introduction
MicroRNAs (miRNAs) are 21-23 nt noncoding RNA that regulate a wide range of cellular processes such as proliferation, differentiation, apoptosis and responses to stresses. MicroRNAs can modulate the translation efficiency of mRNAs and degradation by binding to the complementary sequences on the target mRNAs and inducing posttranslational silencing. Primary miRNAs (pri-miRNA) are transcribed from miRNA genes and processed into hairpin miRNA precursors (pre-miRNA) by the RNase III enzyme Drosha in the nucleus. The pre-miRNA is transported out of the nucleus to cytoplasm by the protein Exportin-5 and then cleaved by the RNase III enzyme Dicer into ã 22 nt double-stranded RNAs (dsRNAs). Generally, only one strand of the dsRNAs is incorporated into the RNA-induced silencing complex (RISC) that binds strongly to the argonaute protein and guides the RISC complex to the target mRNA [1] [2] [3] .
Since the discovery of the first two miRNAs, lin-4 and let-7 [4, 5] , miRNAs have been identified in diverse organisms including viruses, plants and animals [6, 7] . Although over 19,000 mature miRNAs identified from 153 species have been deposited in miRBase V17 [8] , database containing systemic information on the flagellate miRNA is yet to be established. However, the fact that protein homologues of Dicer and Argonaute, the key enzymes for the maturation of miRNA, are present in many flagellates, and that some of the miRNA have been experimental validated in Giardia lamblia and Trichomonas vaginalis [9] [10] [11] [12] [13] provides a strong evidence that miRNA regulatory network exists in unicellular organisms. Previous studies on flagellate miRNAs were based mainly on the direct cloning of the small RNA fragments or bioinformatics predictions [14] [15] [16] . Although putative miRNAs are predicted in G. lamblia, T. vaginalis, Entamoeba histolytica and Trypanosoma brucei by using different algorithm of bioinformatics tools, the true existence of these predicted miRNA requires additional experimental validation. On the other hand, the direct cloning generally resulted in low recovery and thus provides limited information.
High throughput small RNA sequencing has been used extensively to profile the miRNA expression patterns and discovery of novel miRNAs in many organisms. Chen et al. showed that G. lamblia and T. vaginalis contain six and seven RNA fragments, respectively, which have significant sequence homology with known miRNAs by using Illumina Solexa sequencing [17] . In this study, we used high throughput sequencing technology in conjunction with bioinformatics approaches and experimental validation to identify miRNAs in four species of flagellates, G. lamblia, T. vaginalis, Tritrichomonas foetus, and Pentatrichomonas hominis. These flagellates belong to the deepbranching unicellular eukaryotes. G. lamblia and P. hominis dwell in the human's intestine while T. foetus and T. vaginalis inhabit in the urogenital tracts of human and cattle, respectively. G. lamblia is the causative agent of the traveler disease, giardiasis, causing diarrhea, vomit, cognitive impairment and weight loss [18] , while P. hominis, a non-pathogenic protozoan, causes diarrhea when overgrown [19] in their hosts, including cats, dogs, pigs, and human [20, 21] . T. vaginalis and T. foetus are sexually transmitted parasites. T. foetus infection in cattle can lead to abortion, endometritis, and infertility [22] . T. vaginalis causes trichomoniasis, which is the most common non-viral sexually transmitted disease in human [23] . Studies have shown that being infected with T. vaginalis increases the risk for HIV in both women and men [24, 25] .
Because of the unique evolutionary position and the medical importance of these flagellates, we examined the miRNA expression profiles in G. lamblia, T. vaginalis, T. foetus and P. hominis trophozoites in this study. Our results not only enriched our knowledge on the miRNA regulatory networks in diverse organisms but also provided an opportunity to elucidate the origin of miRNA.
Results

High throughput sequencing and small RNA profiling of the four flagellates
The small RNA populations with sizes less than 40 nt isolated from G. lamblia, T. vaginalis, T. foetus, and P. hominis, respectively, were sequenced by Illumina Genome Analyzer with the standard protocol as suggested by the manufacturer. After quality filtering and adaptor trimming, more than 3 million reads were generated from each flagellate, which correspond to 447,570, 132,442, 189,933, and 685,880 unique tags in G. lamblia, T. vaginalis, T. foetus and P. hominis, respectively (Table 1) . Information on the length distribution of the small RNA populations is provided in Supplemental Fig. 1 . The 22-nt small RNAs were dominant in our sequencing data, consistent with the Dicer cleavage products deposited in miRBase, where 22-nt miRNAs comprised approximately 40% of the known miRNAs. This suggests that the sequencing data are reliable and could represent its relative abundance in vivo. Having clean unique tags corresponding to each dataset, we used two different approaches to analyze the small RNAs: (1) mapping the unique tags of G. lamblia and T. vaginalis to the annotated genome to obtain reads within the annotated regions; (2) comparing the unique tags of all four flagellates to Rfam and miRBase to identify unique tags with sequence homology to known noncoding small RNAs.
In the first approach, approximately 75% of total reads from each dataset can be mapped to their genome by using SOAP 2.0 with the allowance of 2-nt mismatch. Only the perfect aligned reads were used for novel miRNA prediction, which corresponding to 5% and 15% of the total alignments in G. lamblia and T. vaginalis, respectively. In addition, 72% and 85% of the mapped reads are in the annotated regions of the Giardia and Trichomonas genomes, respectively. The mapping results and coverage of different annotated RNAs in both species are summarized in Table 1 . To date, only 5 miRNAs in G. lamblia [9, 12, 13] and 2 miRNAs in T. vaginalis [10, 11] were experimentally validated. Among these 7 miRNAs, two G. lamblia miRNAs (miR1 and miR3) and one T. vaginalis miRNA (tva-miR-1) were recovered in our sequencing data.
In the second approach, unique tags were successively compared with the sequences deposited in Rfam and miRBase. Allowing 2-nt mismatches, 10.7%-41.85% of the reads of the four flagellates match to known ncRNAs in Rfam and can be classified into 43 to 164 ncRNAs. The remaining unmapped tags were aligned to miRBase by using BLAST. From the BLAST-mapped result, unique tags aligned perfectly (100% sequence identity and cover the full length of known miRNA) with known miRNAs were retained. Finally, we identify 74, 18, 188 and 40 miRNAs showing significant sequence homology to the known miRNAs from G. lamblia, T. vaginalis, T. foetus, and P. hominis, respectively. These putative miRNAs can be grouped into 100 miRNA families based on miRBase classification (Supplemental Table 1 ). Among these miRNA families, we found that 14 miRNA families belong to the ancient animal miRNAs reported by Christodoulou [26] and 13 miRNA families are plant-specific based on the miRNA classification of miRBase (Fig. 1) . However, only five miRNA families are shared among four flagellates: let-7, mir-1, mir-122, mir-3596 and MIR167_1.
We mapped the tags of G. lamblia and T. vaginalis separately to their specific ncRNA sequences obtained from EuPathDB and nonspecific ncRNA sequences from Rfam. The aim is to determine whether there is a significant effect on mapping results. The results indicated an increase of 8% in G. lamblia and 25% in T. vaginalis mapped ncRNAs when specific sequences rather than non-specific sequences were used for tag mapping (Table 1) .
Novel miRNA prediction
Recent studies suggest that cleavages of snoRNAs and tRNAs may generate products with microRNA-like function [9, 13, [27] [28] [29] [30] [31] [32] , so we reserved the unique tags with annotations of rRNA, scRNA, snRNA, snoRNA and tRNA for further evaluation. Precursor sequences predicted by miRDeep are subjected to RNAfold to determine free energy of the secondary structures. All miRNA candidates generated from predicted precursors with a minimum free energy lower than −18 kcal/mol and without multi-loops are listed in Table 2 . We identify one miRNA candidate from G. lamblia (glm-001) and seven miRNA candidates from T. vaginalis (tvm-001-007). The relative positions of the predicted miRNA candidates on the precursors and the predicted secondary structures of the precursors generated by MFOLD are shown in Supplemental Figs. 2 and 3, which showed the alignment of reads to the miRNA hairpin precursor. Sequencing reads can be mapped to the stem-loop-stem structure, which is a well-defined evidence of miRNA biogenesis.
Validation of the identified miRNA species by qRT-PCR
We use stem-loop RTPCR technology to validate the miRNAs identified by high throughput sequencing technology and bioinformatics methods. In this study, we choose let-7f, miR-1, and miR167, three conserved miRNAs identified in all four flagellates and miR168, the most abundant miRNA present in P. hominis for validation ( Figs. 2A  and B) . Considering the expression level of let-7f in T. foetus to be calibrator, the fold change of let-7f in T. vaginalis, P. hominis, and G. lamblia was 1.72, 1.05, and 30.21 respectively. Using the same calibrator, the expression folds of miR-1 in these four flagellates were 5.31, 2.87, 12.87 and 22.61 in T. vaginalis, T. foetus, P. hominis, and G. lamblia respectively. By using the same approach, we also showed that miR167 was expressed in all four flagellates (Fig. 2B) . Based upon these experimental results, we proved that these miRNAs indeed match the predicted database and this miRNA predicted approach was reliable to investigate miRNAs. Additionally, we also confirmed the existence of the novel miRNA candidates in G. lamblia (glm-001) and in T. vaginalis (tvm-003) by using stem-loop RTPCR (Fig. 2C) . The expression level of tvm-003 was used as calibrator, and the related fold of glm-001 was 17.41.
Discussion
Two different approaches for data analysis were used in this study. The major advantage of approach 1 is that we can further evaluate the stability of the hairpin precursor from which the predicted miRNA candidate derived since the genomic sequences are available. In addition, more reads can be mapped to ncRNA (e.g. tRNA and rRNA) by using approach 1 because specific ncRNA sequences (obtained from GiardiaDB and TrichDB) rather than non-specific ncRNA sequences (obtained from Rfam) were used for the classification of ncRNAs. However, approach 2 has the advantage that it doesn't require an annotated genome for mapping. Any organism, with or without a reference genome, can be adapted to this approach. Small RNAs that would not have mapped to the genome (e.g. T. vaginalis lacks a high-quality reference genome, T. foetus and P. hominis lack genomic sequences) can still be measured and have their expression be compared.
The idea that the complexity of organisms is driven by an elaborate mechanism of gene regulation has become clear over the past decade [33] . In particular, emerging evidence suggests that some miRNAs are tissue specific. In a recent study, Christodoulou et al. [26] identified 34 conserved miRNA families in the Bilateria, consisting of protostomes and deuterostomes. By comparing the conserved Bilaterian miRNAs in Echinodermata, Annelida and Cnidaria, it is suggested that miR-100 is the oldest animal miRNA, and along with let-7 and miR-125 plays a critical role in developmental timing. Christodoulou and colleagues construct 5 sets of ancient miRNAs strongly conserved throughout evolution ( Fig. 1 . miRNA expression profile of flagellates. miRNAs identified in four flagellates can be categorized into 100 miRNA families based on miRBase classification: Group1 is plant-specific miRNA family; Group2 belongs to conserved ancient animal miRNAs reported by Christodoulou [26] ; the left part is a log2-ratio blue matrix used to display the differentially expressed miRNAs among 4 different species of flagellates: miRNA with higher expression level would be mapped to darker blue color; miRNA with zero read would be shown as gray color. The right part is the cross-species distribution of identified miRNAs based on miRBase release 17: the existence and the absence of a miRNA family of a specific organism are represented by red color and white color, respectively. miR-9*, miR-71, miR-124, miR-184, miR-190, and miR-219), 3. sensory tissue (miR-8, miR-183, miR-263, miR-252, and miR-2001), 4. musculature (miR-1, mir-22, and miR-133), and 5. gut (miR-100, miR-125, let-7, miR-10, miR-31, and miR-278). To address whether these ancient miRNAs are also conserved in flagellates, we use deep sequencing technology to search all small RNA species in G. lamblia, T. vaginalis, T. foetus, and P. hominis. With regard to the ancient miRNAs in Bilaterian, we identified miR-29, miR-34, miR-92 (motile cilia); miR-7, miR-9, miR-9*, miR-124 (central nervous system); miR-8, miR-263 (sensory tissue); miR-1 (musculature), miR-100, miR-125, let-7, miR-10, miR-31 (gut) ( Table 3 and Supplemental Table 2 ). Previous studies indicate that miR-100 is the oldest animal miRNA. However, our comparative data analysis suggests that in addition to miR-100, let-7, miR-1 and miR-122, are also conserved between unicellular and multicellular eukaryotes and are likely ancient miRNAs, too. Although the let-7 family is present in almost all animals except Acoels and Cnidarians, let-7 family was not considered as the oldest animal miRNA family in Christodoulou's findings. On the other hand, let-7 family is highly expressed in all four flagellates while miR-100, which belongs to miR-99 miRNA family expressed at a much lower level and was shared only by P. hominis and T. foetus. According to the model of the acquisition of a new microRNA proposed by Chen and Rajewsky [34] , the expression level of newly emerging miRNA is low in order to eliminate deleterious effects at the initial stage of evolution and can be increased after natural selection has purged deleterious genome targets over time. This may explain why let-7 exists in the lower unicellular Eukaryotes before complex multicellular Eukaryotes have branched off from the evolutionary tree.
Another interesting observation is that 13 plant-specific miRNA families are recovered in our sequencing data (Supplemental Table 3 ). By using qRT-PCR, we are able to detect miR167 in all four flagellates and miR168 in P. hominis only, which is consistent with our sequencing results. However, we cannot identify any reliable hairpin structure in the G. lamblia and T. vaginalis genomes that may generate miR167. Since the T. vaginalis genome is incomplete and the genomic sequences of T. foetus and P. hominis are not available, we need more information on the genomic organization of these flagellates to elucidate the functional aspects of these plant miRNAs. One possible explanation is that these miRNAs could be an ancestral plant miRNA and the expansion of the miRNA repertoire begins after the split between animal and plant lineages. Additional investigation with other Excavates and higher Eukaryotes is required to verify this hypothesis.
Chen et al. [17] reported that six G. lamblia and seven T. vaginalis miRNA candidates contained sequences with a high degree of similarity to known miRNAs and also revealed two candidates corresponding to plant specific miRNAs in their deep-sequencing data. However, these miRNA candidates are not recovered in our sequencing data. One possible reason is that we used a different fragmentation size in our total small RNA preparation to reduce the contamination of other small RNA populations. Alternatively, this result may lie in the bioinformatics approaches used. Chen et al. assembled all the reads before mapping to the known miRNAs, which is irrelevant for our purpose because miRNAs originating from the same family with 1-2 nt variations in length will be assembled together through their conserved core regions. This can partially explain why these assembled miRNA candidates did not align perfectly to the known miRNAs in their experiment. In our strategy, Solexa reads from G. lamblia and T. vaginalis are directly compared with known mature miRNAs deposited in miRBase and can align perfectly to 74 and 18 known miRNAs from other species respectively.
In analyzing our novel miRNA prediction datasets, we observed that some highly expressed miRNAs such as glm-001 and tvm-003 are derived from tRNA fragments of G. lamblia and T. vaginalis, respectively. Results from recent studies confirmed that miRNA-like regulatory RNAs can derive from not only snoRNA [9] but also other unconventional ncRNAs such as small nucleolar RNAs, vault RNAs and tRNAs [27] [28] [29] [30] 32, 35] . Four contemporaneous reports have suggested that tRNA-derived regulatory RNA is a newly revealed class RNA with miRNA function [31, [36] [37] [38] . These findings revealed that tRNA-derived RNAs are Dicer dependent and are complexed with Argonautes. Moreover, these investigators noted that the most prevalent tRNA-derived RNAs were from lysine, valine, glutamine, and arginine coding tRNAs and their results indicated that these tRNArelated small RNAs are neither a snapshot of a cell's metabolic turnover of tRNAs nor random cleavage products. Our findings also observed one novel miRNA candidate from G. lamblia (glm-001) and three from T. vaginalis miRNA candidates (tvm-002, tvm-003, and tvm-004) that align perfectly to tRNA His , tRNA Ile 
, tRNA
Gln and tRNA Thr , respectively. For example, tvm-003, 21 nt in length, is derived from the 5′ ends of mature tRNA Gln , which is in agreement with previous study. Furthermore, our experimental result has confirmed the existence of these prevalent tRNA-derived sequences.
To conclude, we used deep sequencing technology to explore previously unidentified miRNAs from four deep-branching Excavate parasites G. lamblia, T. vaginalis, T. foetus and P. hominis. Based on the numbers of reads with homology to known miRNAs or those predicted novel miRNAs, the miRNA population only contributes less than 0.2% of the total small RNA. This is different from human where miRNAs contribute up to 50% of the total small RNA [39] . Comparing the identified miRNAs in flagellates to those of higher eukaryotic lineages led to a better understanding of the origin of miRNA machinery. Our results together with evidence from previous studies [9] support the hypothesis that gene regulation in ancient protists may derive from other unconventional ncRNAs.
Materials and methods
Cell culture and RNA extraction
T. vaginalis (ATCC 30236) and T. foetus strain KV-1 (ATCC 30924) were maintained in YI-S medium, pH 5.8, supplemented with 10% heat-inactivated horse serum at 37°C [40] . P. hominis (ATCC 30000) was grown in YI-S medium, pH 7.0 at 37°C. Trophozoites of G. lamblia strain WB clone C6 (ATCC 50803), were cultured in modified TYI-S33 medium [41] at 37°C. The growth of the cultures was monitored by Trypan blue exclusion hemocytometer counts. Total RNA was extracted from approximately 2 × 10 9 late-log phase trophozoites using Trizol (Invitrogen). Small RNAs shorter than 200 nt were separated from the total RNA extract by using mirVana miRNA Isolation kit (Ambion) followed by FlashPAGE™ Fractionator (Ambion) to obtain RNA species shorter than 40 nt. The extracted small RNAs were stored at −20°C and 10 μg of each sample was prepared and sequenced by a standard Small RNA Sample Prep Kit provided by Illumina and the Genome Analyzer IIx, respectively.
Analysis of Solexa short-read sequences
Low-quality bases (Q value lower than 20) and the adaptor sequences in the initial output of Solexa dataset were filtered and trimmed by using the cleanup module of DSAP [42] . We then merge the redundant clean reads into unique tag and count the reads of each unique tag using the clustering module of DSAP for further analysis. Since only G. lamblia and T. vaginalis have their genome sequenced, two different approaches were used to analyze these tags. In approach 1, unique tags from G. lamblia and T. vaginalis were aligned to their corresponding genome sequences obtained from EuPathDB with the allowance of 2 nt mismatches by using SOAP 2.0 [43] . The mapped unique tags were classified into ncRNA, mRNA, and intergenic region according to the genome annotation files of G. lamblia and T. vaginalis respectively (Supplemental Table 4 ). Known miRNA sequences [9] [10] [11] [12] [13] from G. lamblia and T. vaginalis were directly compared with the corresponding unique tags using BLAST. The novel miRNA predictions of G. lamblia and T. vaginalis can be performed in this approach and the detailed protocols are described in the next section. In approach 2, the unique tags from G. lamblia, T. vaginalis, T. foetus and P. hominis were mapped independently to RNA family database (Rfam release 10) (http://rfam.sanger.ac.uk) [44] and miRBase release 17 (http://www. mirbase.org) [8] using DSAP. Comparison of the miRNA expression patterns was performed by the comparative module of DSAP by which read count of each identified miRNA is normalized to the total clean reads in each sample. The normalized read counts were converted into a log 2 -scaled color matrix to provide a global view on the convergence and divergence of the identified miRNA among the four flagellates. An overview of our data analysis pipeline is shown in Fig. 3. 
Prediction of novel miRNAs
Prediction of potential miRNA rests on extracting putative miRNAcontaining hairpin structures from the partial genomes of G. lamblia and T. vaginalis [45, 46] . The novel miRNA predictions of T. foetus and P. hominis were not performed in this article since their genomic sequences are not available at this stage. After the unique tags are aligned to the reference genome, only the perfect alignments (full length coverage, 100% identity) are retained. To identify putative novel miRNAs, unique tags mapped to G. lamblia and T. vaginalis genomes were retained and processed by miRDeep [47] , which can score compatibility of the position and frequency of the deep-sequencing reads with the hairpin structure of the miRNA precursor, using a probabilistic model of miRNA biogenesis. The core of miRDeep's algorithm is based on the compatibility with miRNA biogenesis, i.e., sequencing reads originating from miRNA precursor have certain probability of mapping to the positions reminiscent of the three Dicer products: the mature sequence, the start sequence and the loop. The putative miRNA precursors regions in the genome are excised, and the secondary structures of the potential precursors are checked for their relative stability using RNAfold [48] . Putative miRNA precursors having minimum free energy lower than −18 kcal/mol are retained for further investigation. The secondary structures of these candidates are created by MFOLD [49] to filter out multiloop candidates. The genomic sequences and annotated RNA (e.g., mRNA and ncRNA) information of G. lamblia and T. vaginalis were obtained from EuPathDB (http://eupathdb.org/eupathdb/) [50] . This information is used for novel miRNA prediction and RNA coverage evaluation.
Stem-loop real-time PCR
The expression of miRNA was validated by using a modified stemloop real-time PCR (SL-RTPCR) method [51] . All the miRNA specific primers used in the present study were listed in Supplemental Table 5 .
Reverse transcription was carried out in a reaction mixture containing 3 μg RNA, 50 nM stem-loop RT primer, 0.25 mM dNTPs mix, 10× cDNA synthesis buffer, 25 mM MgCl 2 , 0.75 U/μl ThermoScript™ III reverse transcriptase, 0.2 U/μl RNase out, and 0.05 M DTT (ThermoScript™ III RT-PCR System, Invitrogen). The RT reaction mixture was incubated at 16°C for 30 min, 50°C for 30 min and then stopped by 85°C for 5 min, 1 cycle of the reverse transcription. Real-time PCR was performed using an Ampliqon III RealQ-PCR master mix kit on an MX3000 System (Stratagene). The 40 μl PCR mixture contains 3 μg reverse transcription product, 2× master mix, 10 μM real-time forward and reverse primers. The reactions were incubated in a 96-well plate at 95°C for 10 min, followed by 40 3 . Data analysis pipeline. Raw reads were filtered and trimmed to remove low-quality bases, expected 3′ adaptor sequences, and 5′ adaptor contaminants. The resulting clean reads were clustered into unique sequence tags (USCs). In analysis approach 1, the USCs from G. lamblia and T. vaginalis were mapped to their genomes and annotated by previously identified ncRNAs. In analysis approach 2, the USCs from G. lamblia, T. vaginalis, T. foetus and P. hominis were analyzed by using DSAP directly. Gut miR-100; miR-125; let-7; miR-10; miR-31; miR-278 miR-100; miR-125; let-7; miR-10; miR-31 a Five sets of cell types and tissues are constructed based on Christodoulou's study [26] .
1 min, and 72°C for 30 s. The expression level of miRNAs was determined by three independent SL-RTPCR reactions and analyzed according to the 2 − ΔΔCt method [52] .
Supplementary materials related to this article can be found online at doi:10.1016/j.ygeno.2011.11.002.
